The increasing prevalence of coeliac disease (CD) and gluten-related disorders has led to increasing consumer demand for gluten-free products with quality characteristics similar to wheat bread. The replacement of gluten in cereal-based products remains a challenge for scientists, due to its unique role in network formation, which entraps air bubbles. When gluten is removed from a flour, starch is the main component left. Starch is used as gelling, thickening, adhesion, moisture-retention, stabilizing, film forming, texturizing and anti-staling ingredient. The extent of these properties varies depending on the starch source. The starches can additionally be modified increasing or decreasing certain properties of the starch, depending on the application. Starch plays an important role in the formulation of bakery products and has an even more important role in gluten-free products. In gluten-free products, starch is incorporated into the food formulation to improve baking characteristics such as the specific volume, colour and crumb structure and texture. This review covers a number of topics relating to starch; including; an overview of common and lesser researched starches; chemical composition; morphology; digestibility; functionality and methods of modification. The emphasis of this review is on starch and its properties with respect to the quality of gluten-free products.
Starch Sources
Over the past decades, a lot of research on starches in gluten-free formulations has been conducted. It is well known, that the characteristics of a starch (e.g., total starch, protein) affect the formulation differently. However, the quality of gluten-free products is still considered poor [22] . Table 1 gives information about the main compositional characteristics and the morphology of starches. Research conducted on flours such as acorn, bean and green plantain, has already shown that it is possible to enhance the structure and texture of gluten-free products [23] [24] [25] [26] . Therefore, research on the less commonly used starches could identify new ingredients, which can be implemented in a gluten-free formulation.
Starch Composition

Amylose/Amylopectin
Starch mainly consists of two polymers of D-glucose ( Figure 1 ). Amylose is composed of unbranched α-1,4 linked glucose units, while amylopectin has chains of α-1,4 and also α-1,6 branching links [27, 28] . Amylopectin consists of a large number of shorter chains connected together, which results in branching [29] ; amylose is made up of either a single or multiple long chains, and is therefore considered as linear or a slightly branched molecule [30] . Amylose and amylopectin represent about 98%-99% of the dry weight of starch; the remaining percentages are represented by small amounts of protein, lipids, minerals and phosphorus [31] . The main sources of starch such as corn, wheat, potato, cassava, and rice contain 70%-80% amylopectin and 20%-30% amylose [32] . Nevertheless, the literature reports varying amylopectin-amylose ratios [31, [33] [34] [35] [36] [37] . It has been shown, that the amylopectin-amylose ratio varies depending on the botanical origin of the starch [38] and this ratio has a significant role in the bread making process. The gelatinisation of a starch and the thermal properties of starch appear to be influenced by the amylopectin-amylose ratio as well as the amylopectin architecture [34] . Amylose and amylopectin both have an effect on the dough rheology and therefore on the structure of baked bread [33] . Furthermore, Whistler and Johnson [39] reported that the amylose content influences the nutritional and technological properties, such as susceptibility to enzymatic hydrolysis, and gelling and pasting behaviour. 
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Damaged Starch
Damaged starch is the part of starch, which is mechanically disrupted during the process of extracting and refining starch. The damaged starch content ranges from approximately 0.5% to 7.5% [33, 74, 75] . The level of the starch damage depends on the starch source, as well on the conditions and technique applied during the milling process. The texture of damaged starch changes the starch granule structure and therefore influences rheological and functional properties in a starch based system [44, [76] [77] [78] . Starch damage also facilitates the swelling of the granules, due to the destruction of the structure, which prevents the swelling of the granules in water [38] . Therefore, damaged starch is considered to be more hydroscopic than native starch; as a result, damaged starch adsorbs more water than native starch [79] . Moreover, it is less resistant to enzyme activity and can be more easily degraded than intact starch granules [80] . Damaged starch also plays an important role during the fermentation process due to its susceptibility to enzymatic breakdown. The amylases present in starch generate maltose, which can be directly used for the production of carbon dioxide by the yeast, which in turn gives a rise to the dough [32] .
Starch Enzymes
Amylases are important enzymes, which can be detected in different starch sources [80] . They can be subdivided into α-amylase and β-amylase [81] . α-amylase is an endogenous-acting (endo) amylase, which is able to cleave α-1,4-glycosidic bonds, present in the inner part of the amylose and amylopectin chains ( Figure 2 ). In contrast, β-amylase is an exogenous-acting (exo) amylase, which cleaves the exclusively α-1,4-glycosidic bonds from the non-reducing end of the chain. β-amylase acts on the external glucose residues of amylose or amylopectin, producing maltose [80] . Amylases can have a big influence on baked breads, due to the generation of reducing sugars (maltose), which can be transformed by the added yeast into carbon dioxide and alcohol [80] . A further beneficial effect of the addition of amylases is the retardation of retrogradation of amylose and, hence, decrease in the rate of staling of baked breads [82] . This could be of particular interest for gluten-free breads, as these products are based on refined starches and therefore stale faster than conventional breads. 
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Lipids
Lipids are present in commercial starch, at quantities of less than 1% [84] . These small amounts are found in the starch granules and form complexes with amylose ( Figure 3 ). Based on the structure of the lipids, it is possible for lipids to align in the core of the amylose helix [85] . Hence, the lipids content in native starch usually correlates well with the amylose content [34] . Nevertheless, there are also surface active lipids (mainly triglycerides), which are bound by ionic or hydrogen bonds to the hydroxyl groups of the starch [86] . The lipid content of a starch is dependent on various factors, such as source, polysaccharide composition, physical structure of the grain endosperm and the amylose content [31, 34] . Despite representing a minor component in starch lipids can alter the properties of starch significantly [84] . Jane [32] stated that the presence of lipids in starches increases the gelatinisation temperature, retarding granule swelling and preventing amylose from leaching out. It was further reported by Copeland et al. [34] that the amylose-lipid complexes retard the retrogradation process of heated starch. These interactions, leading to changes in the function of starch are of great benefit in the food industry [34] . The interaction of lipids in starch and its influence on the normal baking process has been comprehensively reviewed by Pareyt et al. [87] . 
Protein
Similar to the lipids, proteins form only a minor component of commercial starches [84] . The protein content is very much dependent on the source of starch as well as the extraction procedure. It has been reported by Jane et al. [88] , that protein may be structurally bound to the starch granules and can therefore not be removed easily by the extraction process.
Starch Morphology
The morphology of starch granules can be analysed by using scanning electron microscopy (SEM) or confocal laser scanning microscopy (CLSM). The shape and size of starch granules depends on the origin of starch [31] . Figure 4 shows micrographs of wheat, potato, tapioca, corn and rice starches. As shown, wheat starch has big (A) and small (B) granules ranging in size from10-35 μm and 2-10 μm, respectively. The A granules of wheat starch have a non-uniform, lenticular or disklike shape, while the B granules are spherical or ellipsoidal granules. Potato starch also has big and small granules. The size of these granules range varies from 10-87 μm and 4-10 μm, respectively. They show a smooth surface and a round, oval shape. Furthermore, growth rings can be seen in the potato starch when observed under CLSM [33] . Tapioca starch has agglomerated starch granules with a size of 7-25 μm. The granules have both a polygonal shape and a round shape with a plain surface [89] . In comparison to tapioca starch, corn starch granules are similar in size (3-21 μm), but corn starch is only made up of polygonal shaped granules, which are not agglomerated [33, 90, 91] . Rice starch has granules which are agglomerated like tapioca starch granules. The polygonal shape of the granules is similar to the shape of granules in corn starch [92] . Factors which have an influence on the rheology, functional and structural properties of starch-based foods are the different granule sizes, and their shape [33] . 
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Starch Digestibility
The digestion of starch is an important process with respect to dietary requirements [93] . Factors which influence the digestibility of starch are the compositional and morphological properties and the physical access of enzymes to the starch [94, 95] . Starches are grouped according to their digestibly, as follows: rapidly digestible starch (RDS), slowly digestible starch (SDS) and resistant starch (RS) [96] . SDS do not increase the blood glucose level compared to RDS [97] . The blood glucose response to food is classified by the concept of the glycaemic index (GI) [98] . Benefits of SDS are a distinct hormonal and metabolic profile. Furthermore, a lower GI is linked with a reduced risk of diabetes and cardiovascular diseases [99] . Differences in starch characteristics and extraction processes have an influence on its digestibility as shown in Tables 2 and 3, respectively. Starch digestibility plays an important role in gluten-free products, as they rely on starch as a main ingredient. Based on this, many studies have been carried out on the digestibility of gluten-free products [47, 94, [100] [101] [102] [103] [104] [105] [106] . Table 2 shows intrinsic factors influencing starch digestibility. One of these factors is the amylose/amylopectin ratio. As described in 4.1, amylose has a denser molecular structure than amylopectin. This results in amylopectin having a greater surface area, which makes it more susceptible to amylolytic attacks. This susceptibility results in faster digestion to amylose. This indicates that starch with a high amylopectin content is digested more rapidly than starch with a lower content. The lower digestibility of amylose is due to the glucose chains, which are more bound to each other by hydrogen bonds [94] .This makes amylose less available to amylolytic attacks. However, as stated above other factors influence the digestibility. Minor components of starch, such as protein and fat, can form complexes with amylose and affect the enzymatic susceptibility [94] . 
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As presented in
Factors
Results Reference
Granule size
Small granules are faster digested than bigger ones [31, 107, 108] Small granule specific area may decrease extent of enzyme binding and result in less hydrolysis [109] Granule Surface Pinholes and equatorial grooves or furrows result in faster digestion. Cereal starch faster digestible than tuber and legume starch [110] Smooth surface of potato starch has high resistance to enzymatic hydrolysis [109, 111] Granule surface proteins and lipids block adsorption sites resulting in less enzyme binding [112] Composition Native starches containing high amylose contents digest slower [113] [114] [115] [116] Amylose-lipid complexes favour restrictions towards hydrolysis [117] Puffing Gelatinisation behaviour Increase [123] Baking Gelatinisation behaviour Decrease [123] Frying Gelatinisation behaviour Decrease [123] Roasting Gelatinisation behaviour Increase [123] Sheeting of pasta Reduction in cohesiveness between starch and protein of dough increase amylase accessibility Increase [124] Microwave cooking penetration through microwaves increases hydrolysis Increase [125] Irradiation degradation and cross-linking of starch chains occur simultaneously during irradiation, leading to an increase in RS Decrease [126] Cooling cooked food Retrograded amylose is highly resistant to hydrolysis Decrease [115, 116, 127] * Rapid digestible starch.
Starch Functionality
Starch plays a major role in food products with a variety of applications [128] . During the processing of food products, starch undergoes physico-functional changes, due to different heating and cooling steps. Major factors affecting the functionality include, amongst others, granule size and shape, starch crystallinity, amylose-amylopectin ratio, packing density, presence of fat, encapsulated starch granules, swelling power and solubility, gelatinisation, retrogradation and rheological properties [129] . Since every starch differs with respect to these properties, the selection of starch depends on the desired food properties and its production and processing [128] .
Native starch is insoluble in cold water; in this state starch, does not have an effect on food characteristics. However, when heat is applied to starch in excess water, the starch undergoes changes, such as gelatinisation, pasting and retrogradation ( Figure 5 ). Native starch is insoluble in cold water; in this state starch, does not have an effect on food characteristics. However, when heat is applied to starch in excess water, the starch undergoes changes, such as gelatinisation, pasting and retrogradation ( Figure 5 ). 
Gelatinisation
Native starch granules have a complex architecture. Therefore, the processing of starch granules usually involves the disruption of the structural order within the granules during heating in water [130] . This collapse or disruption of molecular order within the starch granule leads to irreversible changes in properties such as granular swelling, native crystallite melting, loss of birefringes and starch solubilisation. These changes lead to an increase in viscosity of the medium and are termed gelatinisation [131] .
When starch is heated in water, amylose leaches from the granules [132] . The leaching of amylose and the increase of swollen granules increase the viscosity of the medium [34] . Gelatinisation is a key functional property of starch granules which determines its use in food [130] . The desired thickening property is achieved when the starch granule reaches its maximum swelling, but is not disrupted yet [129] . The temperature at which point the starch granules start to swell is referred to gelatinisation temperature. This temperature varies amongst different starch sources [41] . In general, the gelatinisation temperatures of root and tuber starches are reported to be lower than those of cereal starches [4] .
Pasting
Additional heating or shear at the stage of maximal swollen granules will destruct them by disrupting hydrogen bonding between polymer chains. When this happens, a dispersion of amylose and amylopectin and granule fragments is formed, which results in loss of viscosity of the paste [129] . The point between maximal swelling and disruption leading to viscosity loss, is referred to the peak viscosity. A differentiation of pasting from gelatinization was proposed by Atwell [131] . The author defined pasting as phenomena following gelatinisation in the dissolution of starch. It involves granule swelling and eventual total disruption of the starch granule. Thomas and Atwell [4] explain that pasting cannot be separated from gelatinisation but may be described as an overlapping of these occurrences ( Figure 5) . Therefore, the term gelatinisation and pasting are often interchangeably used in the literature.
Retrogradation
Retrogradation is the slow re-association of solubilized starch polymers to a tightly packed structure, after heating in a fluid [133] . Retrogradation of starch pastes or solutions may have the 
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Retrogradation
Retrogradation is the slow re-association of solubilized starch polymers to a tightly packed structure, after heating in a fluid [133] . Retrogradation of starch pastes or solutions may have the following effects: increase in viscosity, development of opacity and turbidity, formation of insoluble skins on hot pastes, precipitation of insoluble starch particles, formation of gels and syneresis of water from the paste [134] . The process of retrogradation is linked to increasing firmness or hardness of the starch [130] . In baking this process is called staling and describes the increasing firmness of bread crumb over storage time [135] . Amylose crystallises over a period of minutes to hours, while amylopectin retrogrades over hours or days [136] . Thus, the duration of the staling process is dependent on the amylose-amylopectin ratio.
Gelatinisation and pasting properties are key factors to determine the application of a starch in gluten-free breads. A simple gluten-free starch batter is a suspension of starch and yeast cells in water. The main aim during the baking process is to keep air and gas, introduced during mixing and fermentation, from escaping from the dough, and prevent starch and yeast from settling. Starch which gelatinises during the baking process increases the viscosity, which prevents settling of ungelatinised starch and the escape air and gas bubbles. The result is a set crumb structure [137] . The quick staling of gluten-free breads, as mentioned earlier, is caused by starch retrogradation of both its polymers, amylose and amylopectin [137] . In more complex gluten-free bread formulations this staling process can be retarded by the addition of ingredients such as fat, emulsifiers or other ingredients, which interact with the starch. To predict the pasting properties of starch in such gluten-free bread formulations, different methods of analysis can be used. X-ray diffraction, 13C-CP and Mas-NMR are used for the analysis of granule swelling, loss of crystallinity and of double helical order [138] . The uptake of heat is analysed using DSC (differential scanning calorimetry), and the viscosity by the RVA (Rapid Visco Analyser) [139, 140] .
State of the Art of Starch in Gluten-Free Bread Formulation and Possibilities
The formulation of gluten-free breads is a very important research area in food science. Various combinations of starch, flour, hydrocolloids, proteins and other minor ingredients have been investigated for the development of high quality gluten-free bread. Table 4 outlines recent research on gluten-free breads, including the various sources starch employed in each. It can be seen that, typically the most commonly extracted starches (potato, corn, tapioca, rice and wheat) are used in gluten-free bread. They are sometimes added as the main ingredient or as a partial substitute for gluten-free flour. This confirms that native starch plays a major role in gluten-free bread formulations. These starches can also be found in many commercial gluten-free breads (Table 5 ). However, gluten-free products have previously been reported, to be of lower quality than conventional breads, as reviewed recently by Rosell and Matos [141] . Despite improvements in texture and volume, consumers still rate gluten-free breads with a low acceptability. They also fear to gain weight due to higher amounts of fat, which can sometimes be twice as much as conventional breads [142] . As apparent from an examination of Tables 1 and 4 it can be seen that there are many starches which have not yet been investigated for application in gluten-free breads. These starches could have the potential to improve the gluten-free bread quality and increase quality of gluten-free bread production. Furthermore, the use of modified starches in gluten-free bread formulations is scarce and could be of interest for gluten-free producers. 
Starch Modification
Unmodified starches are used in many foods. They are used as thickener or gelling agents, for instance in gravies, custards, dressings, baked products and jelly gum candies. However, food products, made from native starches lack process ability for commercial manufacturing purposes [128] . Furthermore, the addition of ingredients to a formulation can alter the gelatinisation and pasting properties of the starch [129] . Based on this, the starch industry has developed different techniques to modify starches and improve their usefulness in food applications.
In general, starch modification aims to produce a wide range of starches with different properties. The properties can contribute to a desirable appearance and texture, despite the above-mentioned requirements of processing and storage. Modification can make starches more process able by reducing the gelatinisation temperature or by reducing hot paste viscosity [128] . Modified starches can be mixed to achieve desired properties, such as clear pastes or freeze-thaw stability for specific products [165] . Particularly in the gluten-free baked products, modification of the starch can improve the appearance and the texture. The modifications can be split into physical and chemical modifications. This review focuses on the physical modification, since physically modified starches can be labelled as a "food starch" ingredient. In the case of chemically modified starch, it must be labelled "modified food starch" [166] .
Physical Modifications
Starches can be modified, using physical methods such as: pregelatinisation and dehydration [166] . The literature on the application of modified starches in gluten-free bread formulations is scarce. However, based on the impact of pasting, gelation and retrograding properties of starch on gluten-free bread quality parameters, theses starches could compensate for lack in viscosity or lower the staling process of the bread after baking.
The production of pregelatinised starches involves the cooking of starch, which leads to their pregelatinised state. When this state is reached, the starch is dried. Different methods of drying, such as drum drying, spray drying and extrusion cooking, are used.
Drum drying is the commonly used method by industry [128] . The method involves the use of heated, rotating metal drums. This technique leads to the formation of a starch cake in the drum. This cake is removed with a knife and then cut into the desired particle size [127] . Modified starch can swell in cold water and thicken it without the application of heat. Hence, pregelatinised starch can save time and energy, and is used to provide texture to a food [165] .
Spray drying of starch is considered to be the best method for the production of high quality pregelatinised starch [128] . The main task in the process is the contact with high pressure steam in the chamber, which allows starch gelatinisation [167] . This treatment leads to increased functionality in cold water [130] .
Extrusion of starch is a crude procedure, which damages the starch granules more than drum drying. It is used to lower its molecular weight and increase the solubility of the starch. Thus, a reduction in viscosity and the fragmentation of amylopectin can be achieved [130] . This leads to lower cold-water swelling powers and greater solubility [168] . The cold swelling starches modified by the above-mentioned procedures mainly find use in low-fat salad dressings, bakery fillings and dry mixes. Extruded starch finds manly applications in ready-to-eat cereals and noodles [130] .
Other Physically Modified Starches
In addition to the pregelatinisation of starch, several other approaches have been applied to modify starch without the use of chemicals or enzyme products. Heat treatments at different moisture levels affect starch properties, such as the granule morphology, crystallinity, swelling, gelatinisation and retrogradation. These treatments are classified as heat moisture, dry heat and annealing [128] . The main aim of these treatments is to increase the pasting temperature, viscosity, process tolerance, gel temperature range, resistance to acid and shear and to reduce the swelling properties of a starch [128] . The heat moisture treatment of starches is used in sterilised soups, sauces and ambient stable products due to the increased pasting temperature [166] .
Innovative Modifications of Starch
Over the last fifteen years new starch modifications, which can be applied in food systems have been introduced.
One such modification produces superheated starch [169] . The process involves the heating of an aqueous starch suspension into the soluble state. The results of this treatment are spreadable particle gels with a creamy texture on cooling. This product is considered to be a fat-mimic in food products. The superheated starch could find application in gluten-free breads, where the fat content is higher than in conventional bread [170] .
Modification by a multiple deep freezing and thawing method was investigated by Szymońska et al. [171] . The main procedure consisted of repeated freezing in liquid nitrogen and thawing. In the case of potato starch, it increased the specific surface area and pore size of the granules, which changed the properties of the starch. Based on the new properties it has been considered for novel applications in food technology [172] .
Hydrothermal treatment of corn starch by an instantaneous controlled pressure drop (DIC) was performed by the developers, Zarguili et al. [173] . The aim was to gelatinise the starch and modify its functional properties. It is based on an abrupt transition from a high steam pressure level to a vacuum. This induces a hydro-thermal effect, which can be used to modify the functional properties of the starch for food industry needs. More recent work of the same group examined the use of this method on corn starches and wheat starch [174] . A comprehensive review by Ashogbon and Akintayo [175] describes recent trends in physical and chemical starch modifications for food and non-food applications.
Conclusions
This review covered fundamentals of starch with the aim to better understand their influence in gluten-free systems. The initial problem is that the gluten-free products which have been produced from the main starch sources until now, still lack structure and taste, compared to products containing gluten. Even though modification of starch could help improve their performance, they need to be labelled on the product, which may lead some consumers to avoid such products. This review listed a variety of starches which are grown all over the world and are yet not include in gluten-free product formulations. These starches deliver a variety of compositional and morphological properties in their native state. Thus, they should be considered in fundamental research and development of gluten-free products. Furthermore, it is noteworthy, that many different extraction methods are used even for the same source of starch. Each manufacturer of starch has its own extraction progress or at least parameters which in turn leads to a different product and results in a different chemical composition of the produced starch. These differences in composition and potential differences in physical properties have a great impact on gluten-free products and their production. Hence, a certain consistency of batch to batch quality is needed to guarantee the production of gluten-free products of consistent quality.
